Objective: Porcine islets of Langerhans for xenotransplantation into humans have been proposed as a solution to the shortage of human donors. Rejection is one of the main constraints. This study presents the results of a clinical trial using a novel method for transplanting and immunoprotecting porcine islets in type 1 diabetic patients. Design: A 4-year follow up of a clinical trial involving 12 patients, with no immunosuppressive drugs at any point. Eleven age matched untransplanted diabetics served as controls. Methods: We have developed a procedure for protecting neonatal porcine islets by combining them with Sertoli cells and placing them in a novel subcutaneous autologous collagen-covered device. Results: In the patients in the treatment group, no complications arose and no porcine endogenous retrovirus infection was detected. Half of the patients showed a significant reduction in insulin requirements compared with both their pre transplant levels and controls, and this reduction was maintained for up to 4 years. Two patients became insulin-independent for several months. Porcine insulin was detected in three patients' sera following glucose stimulation up to 4 years post transplant. Three years post transplant, one of four devices was removed from four patients, and the presence of insulin-positive cells in the transplant was demonstrated by immunohistology in all 4 patients. Conclusions: Long-term cell survival with concurrent positive effects on metabolic control are possible by this technique.
Introduction
Tight metabolic control in the type 1 diabetic patient is very difficult to achieve, despite the undisputed progress in treatment modalities. Sub-optimal control of carbohydrate metabolism leads to the earlier onset and faster development of diabetic complications. In order to re-establish glycemic control in type 1 diabetic patients, whole organ pancreas transplantation has routinely resulted in normoglycemia (1) , although this technique is associated with significant co-morbidity (2) . More recently, allotransplantation of isolated islets of Langerhans in combination with systemic immunosuppression has been demonstrated to be an effective method for restoring carbohydrate control and there are several active programs developing this technique (3) . However, given the great shortage of organs of cadaver origin, the possibility of xenotransplantation of porcine islets has been proposed as a solution. To date, there has been limited successful experience with islet xenotransplantation, most notably the work of Groth and co-workers (4) where they transplanted fetal porcine islets either intraportal or under the renal capsule of diabetic patients receiving a human kidney transplant with immunosuppression.
These studies failed to demonstrate any effects on insulin requirements, although porcine C-peptide was detected in the urine of four of ten patients for over 300 days. In one patient, who had had the islets placed under the capsule of the transplanted kidney, a biopsy obtained 3 weeks after the islet transplantation revealed viable insulin staining cells. In xenotransplantation there are two major obstacles. The first is the presence of a porcine endogenous retrovirus (PERV) incorporated in all porcine genomes (5) that could theoretically infect the recipient. The second is the immunological barrier, since the pig has specific antigens such as a-Gal and others to which all humans are sensitized. (6) . Recent discoveries have caused us to re-evaluate these assumptions. By now several studies have shown that PERV is most probably innocuous. Thus, no transmission of PERV has been found in primates and human patients that received porcine derived products shown to contain PERV (7 -10) . Furthermore, the a-Gal antigen is not ubiquitously present in all porcine cell types, and in particular it is not expressed on the beta cells of the islets of Langerhans nor in the Sertoli cells in the testicle (11) . The immunomodulating activity of Sertoli cells for use in islet transplantation was first described by Selawry et al. in 1985 (12) . Subsequently, Suárez-Pinzón et al. (13) were not only able to identify an immunomodulating factor (transforming growth factor (TGF)-b 1) secreted by these cells, but reported that Sertoli cells have an ability to protect transplanted islets by both local acting and distal mechanisms. We have developed a collagen-generating device in which transplanted cells are provided with a suitable environment for the cells to survive, with good vascularisation while avoiding direct contact with the blood. This device has been successfully tested, first in islet autotransplants in pigs and later in a rat model (14) . A current point of controversy is the optimal location for transplanting islets of Langerhans. Clinical allotransplants are injected into the portal vein, a procedure which may have serious consequences such as bleeding and thrombosis and portal hypertension including statosis (15) . Experimentally, many different sites have been proposed as suitable locations for Islet transplantation. These vary from the metabolically logical, such as the liver (16) and spleen (17) , to the convenient, such as the kidney capsule (18) and omental pouch (19) , to immunologically privileged, such as the testis (20) . Locating the islets subcutaneously has also been advocated (21, 22) . In the present study, we report the results of xenotransplants to type 1 diabetic patients of neonatal porcine islets of Langerhans protected with porcine Sertoli cells inside an autologous collagen-generating device placed subcutaneously in the anterior abdominal wall.
Subjects and methods

Clinical trial: regulation and informed consent
The clinical trial was regulated by the ethics and research committees of the Hospital Infantil de México and the Facultad de Medicina of the Universidad Nacional Autónoma de México, as well as the National Transplant Center and the National Bioethics Committee of the Health Ministry. These committees also reviewed and approved the trial, and determined that it and the consent forms were in agreement with national and international guidelines, including the Helsinki Declaration. All potential trial participants had the risks associated with the trial explained to them in three group sessions and a series of personal interviews. They were then given a previously authorized informed consent letter, to be signed by both the patients and their parents. The patients underwent psychological evaluation to determine the likelihood of compliance with the monitoring regimen (23) .
Patients
Twelve adolescent type 1 diabetic patients were accepted. Their mean age was 14.7 years (range 11 -17) and they had been diabetic for a mean of 6.7 years (range 4-10 years). Basal human C-peptide for all patients' values was below 0.15 ng/ml, except in one patient where 0.23 ng/ml was recorded pre transplant. Glycosylated hemoglobin had a mean of 10.9% (range 6.6 -14.3).
Experimental Design
All patients were scheduled to receive a first transplant and if they achieved near or total insulin-independence they would continue to be followed up and no further treatment would be given. In those patients in whom a minimal or no response was seen, a second transplant was performed 6 months after the first transplant. A third transplant was performed in four patients 3 years following their original graft. In these patients one of the original devices was removed allowing histological examination of the original transplant.
Immediately upon entering the study, the patients followed a diet and exercise regimen standard for diabetic patients, with periodic weight and height measurements. The patients were instructed to record blood glucose determinations seven times a day (pre-and postprandial, and at 3 a.m.). An ageand disease-matched control group (n ¼ 11), was subjected for 10 months to exactly the same exhaustive endocrinological monitoring, and diet and exercise program, but without receiving a transplant. This was done to control for any changes in exogenous insulin requirements resulting from this tight control and monitoring.
Cell Preparations
Donor animals Male 7 -10 day old piglets were used. The animals were bred in New Zealand in a specific pathogen-free environment in accordance with the Association for Assessment and Accreditation of Laboratory Animal Care. Sera from the donor piglets and their sows were analyzed for pathogens, as described elsewhere (24) . Islets and Sertoli cells were isolated there and flown at room temperature in culture media to Mexico, where they were cultured for 1 day prior to transplantation.
The techniques for isolating porcine islets of Langerhans and Sertoli cells have been described elsewhere (25 -29 
Xenotransplantation
Two collagen-generating devices were implanted subcutaneously in the upper anterior wall of the patient's abdomen under general anesthesia. The devices consist of 6 £ 0.8 cm surgical grade stainless steel mesh tubes, with a polytetrafluoroethylene (PTFE) rod in its interior (14) . The rod ends in a stopper, and there is another stopper at the other end. The devices were left in place for two months to allow formation of vascularized collagen tissue that completely surrounded and penetrated the devices. Two months after the placement of the devices, the transplant procedure was carried out under general anesthesia by exposing the end of each device, removing the PTFE rod and infusing into the space left by withdrawal of the rod 250 000 islets of Langerhans with 30 -100 Sertoli cells per islet. The number of islets per kilogram ranged from 13 927 to 20 833 IEQ/kg body weight, with a mean of 17 798 and S.D. of 1819.99. The device was then sealed with a small PTFE cap. This approach proved to be simple and relatively non-invasive, in that it allowed the cells to be transplanted with only a small subcutaneous incision.
From 6 to 9 months later, all patients, except one who chose not to re-transplant, received a second Sertoli cell and islet transplant into two previously implanted new devices. Recently, four patients had one of the originally implanted devices removed after 3 years, in order to receive a third transplant. The decision for these third transplants was prompted by the fact that these patients showed a noticeable decrease in insulin requirement, and we hypothesized that a third transplant might further reduce their insulin requirements, perhaps providing them with independence from insulin therapy. The histology obtained from these devices is reported here. No immunosuppressive drugs were administered at any point.
Patient monitoring
The patients and their household family members were monitored quarterly for the presence of PERV DNA and RNA in their peripheral blood using PCR and RT-PCR (30) . In addition, they were all screened for the presence of anti-PERV antibodies by enzyme-linked immunosorbent assay (ELISA) (31) . The sensitivity and specificity of these assays were similar in the samples taken from the donor pigs to those reported elsewhere (31) . Other serology tests included cytomegalovirus, hepatitis A, B, and C, rubella, Epstein-Barr virus, and Toxoplasma gondii and were carried out quarterly.
Patients were monitored daily for blood glucose levels, exogenous insulin requirements and glycosylated hemoglobin levels. Human insulin and porcine C peptide (Linco Research, St Charles, MO, USA) in serum levels were determined after an intravenous glucose tolerance test (IVGTT) with 0.5 g/kg glucose pre transplant and at 1, 3 and 5 months post transplant. Porcine insulin (by high performance liquid chromatography (HPLC), see below) was measured in one patient at 28 months and in two patients 4 years after the initial transplant.
Immunological studies
Humoral immune responses to the transplanted tissue were monitored by measurement of anti-Gal antibodies by ELISA (13) . Measurements were taken pre transplant and at 1, 2, 4, 6, and 8 weeks after the transplant, and monthly thereafter. Flow cytometry for quantification of lymphocyte subtypes was carried out using a four color Becton Dickinson Facscalibur system (Rockville, MD, USA). Serum complement levels were determined pre transplant, and at 3 months and 3 years post transplant. The C3b fraction was detected by nephelometry in a Boering BN-II system (Deerfield, IL, USA).
Histological examination
The tissue from the four excised devices was analyzed by immunohistochemistry for insulin, glucagons, and lymphocyte sub-populations using formalin-fixed, paraffinembedded 5 mm sections. Sections were screened with monoclonal primary antibodies and developed with peroxidase-diaminobencidine (DAB) reaction with hematoxilin counterstaining. After fixing the cells, 1 hr incubation at room temperature was performed with goat anti-mullerian inhibiting substance (MIS, a specific marker for Sertoli cells) primary antibodies, and mouse secondary antibodies.
Porcine insulin detection
A standard was prepared by spiking 200 ml serum with 10 ml human and porcine insulin followed by 1:10 dilution. As additional controls, a normal human serum sample and the same serum with the addition of 0.12 pmol/l porcine insulin were processed in parallel with unknowns. Separation was monitored by trace I 125 insulin added to the sample. The diluted serum (2 ml) was applied to a 600 mg C4 Wide Pore solidphase extraction column (Delta Technical Des Plaines, IL, USA), and eluates were lyophilized, reconstituted, and centrifuged to remove insoluble materials. Each sample (120 ml) was injected onto a Supelco Wide Pore C8 column (150 £ 4.6 mm, particle size 3 mm) with a 20 £ 4.0 mm guard column using a Waters HPLC system (Milford, MA, USA). Fractions (0.5 ml) were reconstituted and used directly for insulin assay (HI-11K Linco Research, St Charles, MO, USA). The antibody detects human insulin and has 90% crossreactivity with porcine insulin. The detection limit is 0.12 pmol insulin per assay tube.
Anti porcine C-peptide antibodies
Negative controls were pooled human serum from nontransplanted patients and serum from non-transplanted diabetic patients. Sera samples were tested for anti porcine C peptide antibodies by radioimmunoassay (Linco Research Inc.).
Statistical analysis
In order to establish that the procedures did not impact on normal growth of the patients, their body mass index was monitored, and converted to a percentile corrected for sex and age using the data corresponding to the Center for Disease Control (USA) standards. Statistical analysis was carried out using students' t-test for one-sample comparisons against a baseline. For analysis of multiple measurements over time, a repeated-measures ANOVA with Scheffe post hoc multiple comparisons was carried out. On the basis of insulin requirements, a hierarchical cluster analysis with squared euclidian distance method was used. Glycemic control was analyzed as percentage of monthly fasting morning measures that fell in the normal (70 -140 mg/dL), elevated (140-250 mg/dL), or adverse range (high . 250 and hypoglycemia, , 70 mg/dl) and was tested with the x 2 independence test. A P , 0.05 was considered to be significant.
Results
Follow up of metabolic control strict control of diet and exercise in the control patients resulted in a small overall increase in their insulin requirements and a decrease in total HbA1, indicating a lack of control prior to their recruitment. In the transplanted patients, following the first transplant and, more markedly, after the second, cluster analysis revealed that two distinct insulin requirement patterns appeared (Fig. 1) , identifying two subgroups of patients. Half of the patients (group A) had a 50% or greater reduction in their insulin requirements (mean^S.E.M.: 1 year post transplant, 2 72.46%^9.7; 2 years post transplant, 2 68.50%^8.6), and the other six patients (group B) showed a slight increase (1 year, 15.71%^9.15; 2 years; 22.56%^11.68). This increase seen in the group B patients corresponded with that seen in the control group (at 10 months, 16.67%^14.42). Since groups A and B self-selected on the basis of their insulin requirements, statistical differences between them would not have meaning, since the patients were not randomly assigned to their respective groups. However, this sorting does not affect how each individual behaves with respect to their original insulin requirements, so differences between each group and their pre transplant requirements represents an effect of the procedure. The insulin requirements in both groups ( Fig. 1 ) measured after the second transplant (6 -9 months) showed significant differences (one sample t-test) to their base line values, with group A having decreased requirements (P , 0.01) and group B increased requirements (P , 0.05). Additionally there was significant difference (P , 0.001) between group A and the control group (repeated measures ANOVA) from the first month post transplant onwards. Group B and the control group showed no significant differences. Two patients in group A became transiently insulin independent. The first one was a 15 year old female patient who had exogenous insulin requirements of 61 IU/day before the transplant, with mean fasting blood glucose levels of 104.0^7.3 mg/dL (^S.D.) and HbA1c levels at 13.4%. After the first transplant, she reduced her requirements by 73%, adjusted according to her blood glucose levels. After the second transplant she began to have intermittent periods of 3 -5 days, alternating between periods of no insulin injections, followed by periods of 1 -2 IU/day. This pattern lasted for 3 months. During this period, mean blood glucose levels were at 110.1^6.97 mg/dL and HbA1c was at 9.6%. After these 3 months she began to need to have subtle but constant increments in her requirements and she currently has a 40% reduction, with HbA1c levels at 8.6%. The second patient was a 16 year old female with pre transplant values at 55 IU/day, fasting blood glucose of 110.7^23.4 mg/dL, and HbA1c of 12%. Six months after the first transplant, the patient showed a 6 week reduction to 1-3 IU/day and then began to increase her requirements to a 70% reduction. During this period, the blood glucose levels were at 127.2^16.0 mg/dL and HbA1c was 6.8%. Eight weeks after the second transplant she showed a reduction to 2-3 IU/day, and 2 months later she was totally free of insulin for two consecutive months. During this period her glucose levels were 104.8^5.6 mg/dL, and her 422 R A Valdés-González and others
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www.eje-online.org HbA1c was 6.5-7.8%. After these 62 days, she began to require 1-2 IU/day, and her requirements rose until at 4 years after the first transplant she still showed a 51.82% reduction. These patients received 13 927 and 17 857 IEQ/kg body weight, respectively. Blood glucose levels in groups A and B remained mostly between normal and elevated for the duration of the pre and post transplant period (Fig. 2 ). There were no statistical differences between the groups at any point in time. The lack of clear differences between the groups is due to the fact that all patients had their insulin requirements adjusted in order to bring them towards the normal range. What is relevant was that group A maintained normal levels despite the reductions in the exogenous insulin administration. In both groups A and B, glycosylated hemoglobin reduced significantly (P,0.05) from the time they entered the protocol, prior to transplantation (Table 1) . Post transplant, both groups maintained their improved glycosylated hemoglobin levels regardless of the decrease in the insulin requirements to group A.
Evidence of graft function
Measurement of serum porcine C-peptide never revealed levels which would have been consistent with a functioning islet transplant (some values are positive pre transplant) nor with the observed reductions in exogenous insulin shown in group A (Table 1) . To investigate the possibility that this was due to rapid clearance as a result of an immune response, an assay for antibody to porcine C-peptide was developed. The results (Table 1) show that low levels of anti-porcine C-peptide antibodies could be detected in some patients, both pre and post transplant.
It seems unlikely, however, that these antibodies could account for the absence of detectable porcine C-peptide in these patients. This possible lack of reliability of porcine C-peptide as an indicator of graft function prompted us to measure porcine insulin directly using an HPLC technique (human and porcine insulin differs by one amino acid or 30 Daltons).
Immunoreactive insulin with coincident migration after HPLC to authentic porcine insulin was detected in three patients tested so far. The samples were taken 28 months (n ¼ 1) and four years (n ¼ 2) after original transplant. The samples showed two peaks, and in the 28 month case it represent a baseline (Fig. 3A) and 50-minute post IVGGT (Fig. 3B) . The levels of porcine insulin increased from 1.2 to 3 pmol in response to the glucose stimulation. Human insulin was also detected, since the patient had received 25 IU of NPH insulin in the preceding 24 h, however the levels of human insulin did not rise with glucose stimulation, in contrast to the response seen with porcine insulin. Although the technique does not allow for accurate estimation of total serum porcine insulin concentration, it is noteworthy that porcine insulin rose to higher levels than those of the therapeutic dose of human insulin. The other two patients sera were analyzed only for the peak sample and the results were very similar.
Histology
Four patients from group A, including the three patients with detectable porcine insulin, had a device removed at the time of a third transplant, as indicated in Fig. 1 . Immunohistochemistry of the tissue extracted from the interior of the device stained positive for insulin-producing cells in all four patients. Glucagon positive cells were also detected in three of the removed devices, and one is pending processing. The overall architecture of the islets was to a large extent destroyed, with insulinpositive cells seen (Fig. 4A ) distributed throughout the collagen matrix, which showed substantial vascularity. No insulin-positive cells were seen in the tissue removed from outside the device. Also, glucagon positive cells could be detected (Fig. 4E) . In Figs 4A and B, insulin positive cells are shown associated with an infiltrate of CD3 T cells, however, insulin positive cells were also found in Table 1 Columns show total glycosylated hemoglobin (HbA1) as mean percentage (^S.E.M.), levels of basal human C peptide (HcP (ng/ml)), and number of patients with detectable porcine C peptide (PcP) and anti porcine C peptide antibodies (PcP Ab). The number of patients with high (H) levels (twofold over diabetic controls) or low (L) levels (50% higher than controls) is shown. In all cases the HcP was ,0.5 ng/ml (values under 0.8 ng/ml indicate a diabetes diagnosis) and the PcP was ,0.4 ng/ml, but not interpretable due to positivity in the pre transplant period. There were no significant differences between groups A and B. areas devoid of lymphocyte infiltration (data not shown).
We were unable to stain the sections satisfactorily for apoptosis. T cell infiltrates were predominantly CD8 positive ( Fig. 4D ) with relatively few CD 4 positive cells seen (Fig. 4C ) Staining for CD 25 was positive in one patient. The presence of Sertoli cells (stained for MIS) was seen in three of the analyzed devices (Fig. 4F) , pending the processing of a fourth.
Immune responses
All of the patients showed an elicited response to Gal antibodies in both the IgM and IgG isotypes. Finally, the mean body mass index percentile was 64.8% (S.D.^5.55) at the beginning of the study and 63.8% (^4.89) after 4 years, which indicates that body mass in all the patients has not changed from the original pre transplant percentile; there were no significant differences between groups A and B, nor the control.
Discussion
Our data show that a subgroup (50%) of recipients of porcine islets significantly reduced their requirements for exogenous insulin, with two patients achieving transient insulin-independence. No such reduction was seen in any of the 11 age-matched controls who were subjected to the same monitoring regimen but did not receive a transplant. Our data also suggests that this reduction in insulin-independence was not a placebo effect of the transplant itself. Glycosylated hemoglobin and blood glucose levels in the group A patients have remained stable throughout the study (despite reductions in their exogenous insulin), glucose-stimulated immunoreactive porcine insulin was detectable in the serum of three patients, and biopsies from four group A patients stained positive for insulin-producing cells. Perhaps the most noteworthy aspect of these experiments is the presence of insulin and glucagon secreting cells 3-4 years after the implant, as well as the simultaneous prevalence of lymphocytes, mainly CD3þ and CD8 þ , which are considered cytotoxic. There was no neutrophil infiltration as seen in other islet xenotransplantation models (30) . We are currently engaging in a quantitative analysis of the histological findings in order to determine if there is a correlation between b cell mass and exogenous insulin reductions. It is clear that there must be an important immunomodulation, presumably produced by the Sertoli cells or impact of the collagen protective matrix, particularly in light of the results of the serology against the Gal antigen. In this way, through an ELISA, we can see that there is a rise in IgG and IgM titers immediately after the first transplant. However, in a surprisingly short period of time (less than 6 months) the titers are reduced to their baseline values.
We compared our patients' sera with those reported by Groth and co-workers (4) and carrying out the exact same hemagglutination technique that they used to show elevated titers after 6 to 8 years after transplanting porcine islets in humans, we found that our patients had very low values, in particular, our highest responder was almost identical to their lowest. Unfortunately, we have not been able to correlate these antibody levels with function. We have not detected any clinical signs of immunodepression, like those seen in patients using drugs in order to avoid rejection, nor any variations in lymphocyte subpopulations, immunoglobulins or complement, or increased susceptibility to infections or their development.
It is noteworthy that previous attempts at islet xenotransplantation in humans failed due, presumably, to rejection, despite the use of an intense immunosuppressive regimen (4) . The fact that all our patients remained within the growth lane percentile at which they started the protocol further suggests that the procedure had no deleterious effect on their overall health, and that the reduction in insulin requirements observed in group A can not be attributable to changes in eating or exercise habits.
The question of why we detected two distinct patient groups after the transplant remains unanswered. We have examined as candidate variables the blood group, presence of anti-insulin antibodies, age, gender, and time from diagnosis, without finding any conclusive results.
Failure to detect porcine C-peptide consistently in any of the transplant patients remains to be clarified. This could be due to an anomalous sensitivity of the commercial test when used in conjunction with human serum, or immune clearance of the C-peptide. The fact that we were able to detect porcine C-peptide pre transplant illustrates these limitations. We were able to demonstrate the presence of porcine C-peptide antibodies in some of the patients; however, this alone could not account for the consistent absence, since antibodies were not detected in the majority of the patients or consistently in any patient.
The reduction in the level of glycosylated hemoglobin that occurred in all the patients during the pre transplant period indicates that being recruited into the protocol alone had a beneficial effect. That glycosylated Hb levels did not become elevated in the group A patients stands as a testament that the reductions seen in exogenous insulin were not at the expense of elevated blood sugars. The increase in insulin requirements needed to maintain blood sugar and glycosylated Hb targets seen in the group B patients and controls is typical for diabetic adolescents. Although the insulin requirements together with the histological and lab assays seen in group A, clearly show that long term function of pig islets transplanted to the diabetic patients is feasible, we are posed with the challenge of increasing the number of responding patients and of making these reductions reflect an even better improvement in the overall metabolic control, since the values of glycosylated hemoglobin did not improve or worsen significantly with respect to group B. We suspect that overconfidence in members of group A in the face of their declining requirements may have made them less compliant with the dietary and exercise program. However, they all diminished notably from their base line values.
We are aware that there are still many important issues to be solved before xenotransplantation can become a reliable therapy for type 1 diabetes, but we feel that the approach described here has delivered valuable information. This is a procedure that has proven to be safe and without complications, either endocrinological, immunological or microbiological. It is important to highlight the fact that, 4 years after the patients were xenotransplanted, and without the use of immunosuppressive drugs, we have been able to detect insulin-secreting cells in the device, persistent reductions in insulin requirements in several patients, and the presence of glucose-stimulated secretion of porcine insulin in the serum of the three patients we have tested.
